Employing genetic transformation using an Atcys-3A cDNA construct expressing the cytosolic O -acetylserine(thiol)lyase (OASTL), we obtained two Arabidopsis lines with different capabilities for supplying cysteine under metal stress conditions. Lines 1-2 and 10-10, grown under standard conditions, showed similar levels of cysteine and glutathione (GSH) to those of the wild-type. However, in the presence of cadmium, line 10-10 showed significantly higher levels. The increased thiol content allowed line 10-10 to survive under severe heavy metal stress conditions (up to 400 µ M of cadmium in the growth medium), and resulted in an accumulation of cadmium in the leaves to a level similar to that of metal hyperaccumulator plants. Investigation of the epidermal leaf surface clearly showed that most of the cadmium had accumulated in the trichomes. Furthermore, line 10-10 was able to accumulate more cadmium in its trichomes than the wild-type, whereas line 1-2 showed a reduced capacity for cadmium accumulation. Our results suggest that an increased rate of cysteine biosynthesis is responsible for the enhanced cadmium tolerance and accumulation in trichome leaves. Thus, molecular engineering of the cysteine biosynthesis pathway, together with modification of the number of leaf trichomes, may have considerable potential in increasing heavy metal accumulation for phytoremediation purposes.
Introduction
Cysteine biosynthesis is the final step in the sulphate assimilation pathway and is catalysed by O -acetylserine(thiol)lyase (OASTL, EC 4.2.99.8) . This enzyme incorporates sulphide into O -acetylserine (OAS), the latter being produced through the acetylation of serine by the action of serine acetyltransferase (SAT, EC 2.3.1.30). Both OASTL and SAT activities have been demonstrated to be localized in three cellular compartments involved in protein synthesis: the cytosol, plastid and mitochondrion (Hell et al ., 2002) . In the Arabidopsis thaliana genome, five different SAT genes ( Howarth et al ., 2003) and at least seven different OASTL genes (Jost et al ., 2000) have been identified. Some evidence has suggested that the isoforms may have specific contributions to particular metabolic pathways. Thus, certain OASTL isoforms exhibit β -cyanoalanine synthase enzyme activity and are involved in cyanide detoxification (Hatzfeld et al ., 2000; Yamaguchi et al ., 2000) , whereas the cytosolic isoform ATCYS-3A seems to play a role in cadmium (Cd) tolerance (Domínguez-Solís et al ., 2001) .
Cysteine is the precursor molecule for the synthesis of glutathione (GSH), the predominant non-protein thiol, which plays an important role in plant stress responses. GSH has been implicated in plant responses to toxic levels of heavy metals, as it is the precursor for the synthesis of phytochelatins (PCs), the thiolate peptides involved in the detoxification of Cd and other heavy metals. PCs bind toxic heavy metal ions, and these complexes are transported into the vacuole by an ABC-type transporter (Cobbett, 2000) . Today, the contamination of soils and water by toxic heavy metals presents a major environmental and human health problem. The potential removal of these toxic metals by phytoremediation technology has stimulated interest in the investigation of the physiological and molecular mechanisms of plant adaptation to high levels of heavy metals.
We have shown previously that the A. thaliana OASTL gene Atcys-3A and the SAT gene Sat-5 are induced in leaf lamina, root and stem cortex and trichomes in response to Cd treatment (Domínguez-Solís et al ., 2001; Howarth et al ., 2003) . Additionally, the over-expression of Atcys-3A in A. thaliana resulted in increased Cd tolerance (Domínguez-Solís et al ., 2001 ). These results suggest that specific OASTL and SAT isoforms may play a role in increasing cysteine production under conditions of heavy metal stress when increased biosynthesis of GSH is required. In this work, we further investigate the relationship between cysteine biosynthesis and heavy metal tolerance.
Another important aspect in the metal detoxification process is the sequestration of the PC-metal complexes in the vacuoles; however, little is known about the specific cell types in which storage is predominant. Optimization of the phytoremediation process requires a greater understanding of the points of accumulation of heavy metals in leaves so that their storage capacity may be increased. In this respect, we have evidence to show that Arabidopsis trichomes possess substantial storage capacity, and can act as sinks for toxic molecules that have been detoxified via mechanisms involving GSH (Gutiérrez-Alcalá et al ., 2000) . In the present study, we evaluated the role of leaf trichomes in heavy metal storage and the possibility of manipulating their storage capacity.
Results

Arabidopsis transgenic lines with different levels of
Atcys-3A gene expression
We have shown previously that a primary response of Arabidopsis plants to Cd stress is the induction of genes responsible for cysteine biosynthesis (Domínguez-Solís et al ., 2001; Howarth et al ., 2003) . In an effort to increase the rate of cysteine biosynthesis in Arabidopsis , we over-expressed an Atcys-3A cDNA encoding one of the cytosolic isoforms of OASTL. Ten independent transgenic lines were obtained and used for an initial characterization. Northern blot analysis showed divergent transcript abundance levels amongst the transgenic lines compared with the wild-type. Some lines accumulated more Atcys-3A mRNA than the wild-type, whereas the level of Atcys-3A expression in other lines was lower than that observed in the wild-type (data not shown).
Two representative homozygous lines were selected for the studies presented in this work. One of these, line 1-2, showed the lowest amount of transcript, lower than that observed in the wild-type, suggesting the possible presence of a gene silencing mechanism in this line ( Figure 1A ). The other, line 10-10, showed up to a nine-fold increase in Atcys-3A mRNA accumulation compared with that of the wild-type, and may be considered as an over-expressing line ( Figure 1A ). When the total OASTL enzyme activity was determined in these two lines, the level of enzyme activity correlated with Atcys-3A mRNA accumulation. Line 1-2 showed about an 80% decrease in activity compared with that of the wild-type, while the OASTL activity in line 10-10 was increased four-fold relative to that of the wild-type ( Figure 1B ). It should be noted that a general reduction in growth in line 1-2 was observed when compared with that of the wild-type under non-stress conditions (data not shown). We routinely obtained about a 30% reduction of line 1-2 seed production with respect to line 10-10 when plants were harvested after the same period of growth.
SAT activity was also measured in the transgenic lines and compared with the activity level in the wild-type. Although the SAT activity in line 10-10 remained unchanged compared with that of the wild-type, line 1-2 showed about a two-fold increased level of enzyme activity relative to that of the wild-type ( Figure 1C) . It has been shown that the cytosolic SAT isoform is feedback inhibited by low concentrations of cysteine (Noji et al ., 1998) . Our results show that a significant reduction in cytosolic OASTL protein induces an increase in SAT activity, probably due to an important decrease in the cytosolic content of cysteine below the threshold of the feedback regulation.
We were interested in determining the responses of the two transgenic lines at the level of the rate of thiol biosynthesis when subjected to heavy metal stress. To this end, mature plants were exposed to cadmium chloride treatment and the cysteine and GSH contents in leaf tissue were determined. At the high concentration of 250 µ M CdCl 2 , line 1-2 behaved similarly to the wild-type, and a depletion of cysteine and GSH levels was observed. In line 10-10, however, the cysteine level remained unchanged, whilst the GSH content increased significantly ( Figure 2 ). In the absence of Cd, the concentrations of GSH in the wild-type and the two lines were similar.
These results suggest that constitutive over-expression of
Atcys-3A provides the plant with a sufficient amount of GSH to respond to Cd, and therefore GSH depletion is not observed under conditions of severe heavy metal stress.
Cadmium tolerance of plants with increased cysteine availability
Two parameters, seedling fresh weight and root length, were measured in an effort to determine whether high cysteine availability can induce an improved tolerance for Cd. We (Table 1) . However, the transgenic line proved to be a more efficient accumulator plant, the highest level of Cd accumulation being 72% more than that of the wild-type. As described in the previous experiments, line 1-2 behaved similarly to the wild-type, being able to accumulate the same amount of Cd ions.
It has been shown previously that an increased tolerance to Cd results when tobacco seedlings are grown in the presence of calcium (Ca) . In an effort to further improve the threshold of tolerance of line 10-10, we examined the effect of Ca when added to the growth medium. (Ager et al ., 2002; Choi et al ., 2001; Küpper et al ., 2000; Salt et al ., 1995) . To investigate the involvement of A. thaliana trichomes in Cd detoxification, we performed energy-dispersive X-ray (EDX) analysis of leaf trichomes in combination with proton-induced X-ray emission (PIXE) microanalysis. showed a reduced capacity for Cd accumulation ( Table 2) . These results highlight the important physiological significance of trichome cells in acting as sinks during metal detoxification.
Furthermore, an increased rate of cysteine biosynthesis also leads to the enhanced accumulation of Cd in leaf trichomes.
Discussion
Plants are exposed during their vital cycle to adverse environmental conditions that negatively affect growth, development or productivity. The presence of toxic compounds, such as heavy metals, is one factor that can cause damage to plants. Plants have developed defence mechanisms to cope with these adverse conditions. Many of these responses involve the synthesis of thiol-containing molecules. It is well known that Cd detoxification involves the chelation of the heavy metal by a family of peptide ligands, the PCs (Cobbett, 2000) , which is dependent on the synthesis of the precursor thiol molecules cysteine and GSH. We have demonstrated previously in Arabidopsis that the plant responds to Cd toxicity by inducing the genes responsible for cysteine biosynthesis (Domínguez-Solís et al., 2001; Howarth et al., 2003 ).
An increased expression of genes involved in sulphur assimilation and GSH and PC synthesis in response to Cd treatment has also been shown in Arabidopsis (Harada et al., 2002; Xiang and Oliver, 1998) and other plant species, as well as in Brassica juncea (Heiss et al., 1999) . (Lee et al., 2003) , suggesting that the manipulation of cysteine biosynthesis rather than the production of PCs may be more important for phytoremediation purposes.
It should be noted that line 1-2, with only 20% of the wild-type total OASTL activity, behaved phenotypically just as the wild-type and was not hypersensitive to Cd. This result indicates that a complex regulatory network of cysteine biosynthesis operates in Arabidopsis to ensure that appropriate levels of cysteine are maintained. However, constitutively expressed OASTL in line 10-10 acted independently from the regulatory control, and therefore was able to support a higher cysteine synthesis under heavy metal stress. Similar to our system, when rice OASTL was expressed in transgenic tobacco plants, high levels of sulphur-containing compounds were produced to detoxify Cd . However, in B. juncea, the limiting step for Cd tolerance seems to be GSH biosynthesis, rather than cysteine availability, as overexpression of γ-glutamylcysteine synthetase enhanced the tolerance to a level similar to that observed here (Zhu et al., 1999) . The enhanced Cd tolerance of line 10-10 seems to be due to increased Cd accumulation in the leaves. Employing a transgenic approach, we were able to obtain a plant line that accumulated 670 p.p.m. Cd in the leaves without phytotoxicity. Foliar Cd levels above 1 p.p.m. are usually considered to be toxic (Pence et al., 2000) . Thus, the increased availability of cysteine enhances the ability of plants for metal sequestration, mainly in the trichomes. In nature, there are metal hyperaccumulator plants that can grow in metal-rich soils, such as the well-known Thlaspi caerulescens. These plants can accumulate and tolerate high levels of heavy metals in the shoot. T. caerulescens is a member of the Brassicaceae family, and certain ecotypes are able to accumulate up to 1000 p.p.m. Cd in their shoots without exhibiting toxic symptoms (Salt et al., 1998) . Clearly, we have been able to obtain a non-accumulator plant that can accumulate Cd to similar levels as a hyperaccumulator, demonstrating the potential of genetic engineering in phytoremediation. In an effort to further increase Cd sequestration, we used Ca as a soil amendment, based on a previous report that showed a positive effect of Ca on Cd tolerance in tobacco plants . Our results show an increased tolerance to the heavy metal that is not correlated with enhanced Cd accumulation. It has been shown that Cd permeates through Ca channels (Perfus-Barbeoch et al., 2002) and, consequently, Ca should compete with Cd for uptake. Plants exhibit higher tolerance because less Cd is taken up.
A general mechanism used by plants for heavy metal detoxification involves chelation of the metal and subsequent compartmentalization of the complex in vacuoles (Cobbett, 2000) . The second aspect is also crucial for plant tolerance to heavy metals. We analysed the distribution of Cd in the epi- (Cobbett, 2000) .
Ca has also been implicated in the detoxification of Cd in tobacco plants, which actively exclude the heavy metal by forming and excreting Cd /Ca-containing crystals through the head cells of trichomes . A. thaliana also contains a large amount of Ca distributed throughout the trichomes; however, similar crystals have not been found.
It is important to emphasize that A. thaliana trichomes are unicellular and morphologically different from tobacco trichomes.
If Arabidopsis trichomes are involved in the sequestration of PC-Cd complexes, a high capacity for the synthesis of the precursor thiol molecules (cysteine and GSH) should be required in this cell type. We have demonstrated that the GSH biosynthetic pathway is highly active in trichomes, highlighting the physiological importance of this cell type in relation to the specific function of detoxification (Gutiérrez-Alcalá et al., 2000) . To date, the unicellular trichomes in
Arabidopsis have been considered dispensable, as mutants lacking trichomes ( gl1 mutants) grow normally (Marks, 1997) . 
Construction of the pBIOAS plasmid and plant transformation
The full-length Atcys-3A cDNA (Barroso et al., 1995) 
RNA isolation and Northern blot analysis
Total RNA was isolated from leaves and Northern blot analysis was performed following previously reported methods (Barroso et al., 1995) . Blots were hybridized with 32
P-labelled
Atcys-3A cDNA.
Determination of SAT and OASTL activities
Plant material was homogenized in 50 mM phosphate buffer (pH 7.5), 1 mM ethylenediaminetetraacetic acid (EDTA) and 0.5 mM phenylmethylsulphonylfluoride (PMSF) using a mortar and pestle with liquid nitrogen. After the homogenate had been centrifuged at 15 000 g for 15 min at 4 °C, the resulting supernatant was used as the crude extract and assayed for enzyme activity.
SAT activity was determined by measuring the amount of OAS formed after derivatization with o-phthalaldehyde, followed by reverse phase-high performance liquid chromatography (RP-HPLC) (Droux et al., 1998) Following 2 min of incubation, a 60 µL aliquot was injected on to an RP-18 column (5 µm particle size, LiChrospher 100, ECOM S.R.O., Praha, Czech Republic) connected to the HPLC system. The fluorescence of the o-phthalaldehyde derivatives was monitored and OAS was quantified by measuring the corresponding peak identified using standards.
One unit of activity corresponded to the amount of enzyme that catalysed the formation of one micromole of OAS per minute.
OASTL activity was measured in crude extracts as described previously (Domínguez-Solís et al., 2001 ).
The total amount of protein was determined by the method of Bradford (1976) .
Analytical determination of cysteine and GSH
Cysteine and GSH were extracted and subsequently quantified by RP-HPLC after derivatization with monobromobimane (Molecular Probes, Eugene, OR, USA), according to previously described methods (Domínguez-Solís et al., 2001) .
Cadmium quantification in whole plant leaves
Three-week-old plants were irrigated for 14 days with Hoagland medium supplemented with a final CdCl 2 concentration of 250 µM. The leaves were collected, dried and prepared for analysis by inductively coupled plasma-atomic emission spectrometry (ICP-AES), as described previously (Domínguez-Solís et al., 2001) .
EDX analysis of tissues
Sections of leaves from plants treated with 250 µM CdCl 2 for 14 days were excised and mounted in a stainless steel stub, rapidly frozen in liquid nitrogen and then freeze-dried for 24 h. Samples were evaporatively coated with carbon to produce an electrically conductive surface. EDX analysis was performed in a JEOL (Peabody, MA, USA) JSM-5400 scanning electron microscope using an acceleration voltage of 20 kV and a working distance of 18 -20 mm. A two-dimensional distribution pattern was recorded by scanning an area of the specimen repeatedly for up to 2 h and integrating the counts for Cd, Ca and K within their respective spectrum windows into dot maps.
PIXE microanalysis
Leaves from plants treated with 250 µM CdCl 2 for 14 days were frozen and freeze-dried for 48 h at −50 °C at a pressure of 10 −3 mbar. Leaves were then mounted on carbon tape on a standard aluminium frame and placed on the sample holder inside the microprobe target chamber. PIXE microanalysis was performed following previously described methods (Ager et al., 2002) .
